An experimental verification of thermoacoustic heat pump by Xiao, Wence et al.
1 
 
 
 
AN EXPERIMENTAL VERIFICATION OF  
THERMOACOUSTIC HEAT PUMP  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Group Members: Second semester: Wence Xiao 
                              Zhi Pang 
Fourth semester:  Lulu Zhang 
                             Xiaochen Li  
                                  Zhongyu Wang 
Supervisor: Jesper Heebøl Christensen 
 
 
Group 2 House 13.2 
Basic Studies in Natural Sciences, RU 
2nd and 4th semester, spring 2009 
 
2 
ABSTRACT 
 
The aim of this project was to verify thermoacoustic heat pump effect as a way of harvesting energy 
from noisy.  We built our experiment with loudspeaker, one-end closed tube and a stack inside the 
tube.  In the experiment we recorded the temperatures both above and below the stack when the 
acoustic waves were set at different frequencies and different powers levels.  
 
It was concluded that acoustic wave could be applied to pump heat.  As for the influence of 
frequency, at the tube’s first resonance frequency the temperature difference was optimum, while 
the effect of thermoacoustic heat pump was gradually reduced when the frequency was increased 
and decreased from the first resonance frequency.  Concerning the power effect, increasing the 
power of acoustic waves increased the temperature difference until a certain level.  For the time 
used to achieve the lowest temperature, less time was needed when the power was increased, but 
the dependence between the time and frequency was not as clear as that between the time and 
power.    
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1. Introduction 
 
Since noise (or more precisely acoustic waves) sends out energy, can we use energy from that 
source and make it renewable?  One way to harvest the power is to apply a certain frequency of 
acoustic wave to generate a temperature gradient, which has its theoretical root in thermoacoustics.  
If under certain conditions the temperature gradient is large enough or the efficiency of the heat 
transfer is satisfying, we will be able to develop new technology, for example, a new generation of 
refrigerator which will have no harmful effect on ozone.  However, although the description of 
theory and experiments by scientists seems reasonable and promising, we want to examine the 
formula with our own experiment and data.  
 
The history about thermoacoustics is interesting.  Sometimes accidental discoveries proceeded 
fundamental understanding; in other cases fundamental science lead the road.  The word 
“thermoacoustics” was made self-evident by Rott in 1960s.  Before his definition, there had been 
some discoveries about heat and sound, and sometimes small discoveries  intricately supported 
each other.(Swift 2004)  For example, some glass blower in Europe found that a one end closed 
long tube could make sound when there was a temperature difference between the two ends, which 
was later referred to as “Taconis oscillations” and it took a temperature gradient to generate 
acoustic wave; reversely, people also found that acoustic waves could be applied to generate a 
temperature gradient.  Hofler modified the thermoacoustic heat pump by inserting a filter inside 
the tube, where the energy exchange took place, and gave it the name thermoacoustic refrigeration, 
which drew lots of researchers’ attention and it is still under investigation today.[Fahey 2006] 
 
The study about the mechanism behind thermoacoustics is rather new compared to other established 
theories in physics.  Qualitative description was given by Lord Rayleigh a century earlier, and was 
proved accurate later.  However, it was only after over half a century that Rott gave his 
quantitative approach to those phenomena, although his mathematics was made after many 
assumptions.  In 1980s, Swift made a break through understanding with his approach which has 
been widely accepted since then. [Fahey 2006] 
 
Thermoacoustics studies the transformation of energy between heat and sound.  Thus, the research 
today goes to two different ways, the prime mover and heat pump.  The prime mover uses heat 
gradients to create acoustic waves; the heat pump uses acoustic waves to pump heat. [Swift 1988].  
Our report serves as a verification of a thermoacoustic heat pump, so it mainly deals with half of 
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thermoacoustics.  Still the two branches are so connected to each other that the understanding 
about one helps a lot to study the other. 
 
2. Problem Formulation 
 
Noise comes from everywhere, at places like factories, main street, airport, where the noise level 
could be very high.  We want to know in this report if there is a way to harvest energy from noise, 
as a result of turning noise pollution into renewable energy?  One way to make it possible is to 
apply noise as a heat pump.  While in order to understand the idea and prove its feasibility, first it 
is necessary to build our own experiment, at the same time learn the theory behind that phenomenon.  
Even though it might be proved possible, we would also want to discuss if that kind of energy could 
be used in daily use, or maybe how to increase the efficiency of our device, for example, using 
different fluid, stack material or sound frequency and power level, in order to apply that device at a 
practical purpose. 
 
3. Target Group 
 
Our target of this report is mainly students who are interested in physics and may want to have 
physics as a major. Some theoretical knowledge is required before reading, basic understanding of 
sound and thermodynamics, as well as calculus.  
 
4. Semester Theme 
 
The second semester theme for the basic studies in natural sciences is “models, theories and 
experiments in the natural sciences”, and the objective of it is that students taking the basic studies 
in natural sciences gain some experience by working, experimenting and trying to solve a basic 
problem of their own creation.  Our project fulfills the requirements above, as our topic is about 
thermoacoustics, which is a combination of two basic fields in natural science.  We will make the 
experiment, get our own data and gain experience in understanding thermoacoustics through the 
process of verifying certain established models.  
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5. Theory 
 
The theory part is divided into three major parts.  The first part as a warm up introducing some 
basic knowledge about waves, especially acoustic waves; the second part reaches our specific 
situation for what happens in a one-end closed tube, the generation of standing waves; the last part 
explains why sound waves can be used to pump heat, mainly from Swift’s description.  For the 
starting two sections, we bring as much detail as possible, and for the last part, some of the 
calculation is not included and detailed explanation can be tracked through references. 
 
5.1 Wave and basic knowledge 
 
5.1.1 Definition of a wave  
 
A wave is“a disturbance or variation that transfers energy progressively from point to point in a 
medium and that may take the form of an elastic deformation or of a variation of pressure, electric 
or magnetic intensity, electric potential, or temperature.”[Webster’s dictionary]  A wave is a 
traveling disturbance that carries energy from one place to another place.   
 
There are two forms of waves, transverse waveswhere the displacement of elements of the wave is 
perpendicular to the direction of the transmission of the wave and conversely longitudinal waves 
where the displacement of elements of the wave is parallel to the direction of the wave’s travel.  
The acoustic wave is a longitudinal wave. 
 
5.1.2 Types of waves 
 
There are 3 main types of waves, mechanical waves, electromagnetic waves and matter waves. 
 
Mechanical waves: Examples of mechanical waves are water waves, sound waves and seismic 
waves, which we encounter constantly in our daily life. This kind of wave has two main features: it 
can exist only in the material medium and it follows Newton’s laws. [Walker 2008] 
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Electromagnetic waves: This kind of wave includes visible light, ultraviolet light, radio and 
television waves, microwaves, x rays, radar waves. The speed of all electromagnetic waves (the 
speed of light), is 299792458m/s in vacuum. [Walker 2008] 
 
Matter waves: Matter waves are associated with electrons, protons, atoms, molecules, and particles; 
it is the wave of matter. When the energy of any objects increases, the wavelength decreases. These 
are quantum mechanical phenomena that describe the distribution or probability of matter. [Walker 
2008] 
 
5.1.3 Amplitude and phase 
 
Generally, for a transverse sinusoidal wave travelling along a positive direction on the x axis, its 
displacement along the y-axis can be described as   
 
y(x, t) = ym sin(kx-ωt),            (Equation 1) 
Where ym is the amplitude, k is angular wave number, x is position, ω is angular frequency and t is 
time. 
 
The amplitude of a wave is the magnitude of maximum displacement of the element of the wave 
away from its equilibrium spot. [Walker 2008] 
 
The phase of the wave is the argument kx - ωt of the sine in Equation 1.   
 
5.1.4 Wavelength and angular wave number 
 
The wavelength λ of a wave is the shortest distance that the wave repeats itself.  That is to say, 
selecting two elements on the wave, if the distance between them is one wavelength, their 
displacement is always the same.  It is normally expressed by symbol λ. 
 
As mentioned above, k is the angular wave number of a wave, k = 2π/λ, its SI unit is radian per 
meter. 
  
5.1.5 Period, angular frequency and frequency
 
Period is a time quantity; it means the oscillation time T of a wave that any element of the wave 
takes to move through one full oscillation.  The period of a wave is the time for a particle to make 
one complete cycle in a medium.
 
Period =1/frequency   and    frequency= 1/ period
 
Angular frequency is used to measure the rotation rate. The SI unit of angular frequency is radian 
per second. 
ω=2π/T 
 
Frequency is a rate quantity; it is a number of oscillations per unit time. It is usually measured in 
hertz. 
f=1/T=ω/2π 
 
5.1.6 The speed of a wave 
 
From the symbols and equations we use above, wave speed can be described as 
 
v = ω/k = λ/T = λf             
 
When a wave travels in different mediums, the speed of the wave is also different. As an example 
the speed of a wave on a stretched string is depending on the properties of the string. The tension T 
of the string and density µ can affect the speed of the wave. The equation can be written like this 
v=    (Equation 2) 
 
In the same way, the speed of sound depends on the properties of the medium, table 1 below shows 
the speed of sound in different mediums.
Medium 
Gases 
Air (0°C) 
Air (20°C) 
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(wave speed) 
 
Speed (m/s) 
331 
343 
 
 
 Helium 
Hydrogen 
Liquids 
Water (0°C) 
Water (20°C) 
Seawater 
Solids 
Aluminum 
Steel 
Granite 
 
Table 1: Speed of sound travel in different medium
 
5.1.7 Sound wave: the speed of sound
 
In ideal gas, the speed of sound can be calculated as
       v= (Equation 3) 
 
Here ρ is density andB is called bulk modulus
volume and p is pressure.  [Jearl Walker 2008
the speed of mechanical wave depends on the inertial property and the elastic property of the 
medium, which is the square root of the ratio of the elastic property to inertial property. [Jearl 
Walker 2008]  Take the examples of speeds of s
temperature can decrease the density, which increase the speed of sound in air.
 
5.1.8 Sound intensity 
 
Sound intensity is depending on the sound wave power and the area through which the wave passes. 
The equation of sound intensity can be described like this:
I=P/A 
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965 
1284 
1402 
1482 
1522 
6420 
5941 
6000 
 
 
 
.  B can be calculated as B = -∆
]  Equation 3 is analogous to Equatio
ound at 0°C and 20°C in Table 1, increasing the 
 
p/(∆V/V) where V is 
n 2. In general, 
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Decibel (dB) is mainly used for comparing two sound intensities to compute the ratio of the 
intensities.  
Intensity level ß (in decibels) = 10log(I/I0) 
I0 is the intensity of the reference level to which I is being compared, I0 = 10-12 W/m2. If ß=0, that 
does  not mean the sound intensity I is 0, but it means I =I0. 
 
 Intensity I (W/m2) Intensity Level ß (dB) 
Threshold of hearing  1.0 * 10-12 0 
Rustling leaves 1.0 * 10-11 10 
Whisper 1.0 * 10-10 20 
Normal conversation  
(1 meter) 
3.2 * 10-6 65 
Inside car in city traffic 1.0 * 10-12 80 
Car without muffler 1.0 * 10-12 100 
Live rock concert 1.0 120 
Threshold of pain 10 130 
 
 
Table 2: Typical sound intensities and intensity levels 
 
5.2 Inside the one-end closed tube 
 
Our experiment uses an one-end closed tube to create the standing wave needed for pumping heat.  
After the acoustic wave is sent out from the open end, when the movement of the wave reaches the 
closed end, it first gets reflected, and then the reflected wave adds up with the wave coming later.  
In the following of this section, the process described above is broken down into steps to let the 
reader have a clear picture of not only how but also why standing waves are created. 
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5.2.1 Wave reflection 
 
Waves still have reflection if the traveling wave encounters a different media where it has a 
different speed.   In the ideal case, if all of the traveling wave is reflected, the original wave and 
the reflected wave can be written as the equations like this: 
 
y1 = y0 sin(kx - ωt) 
 
y2 = y0 sin(kx + ωt) 
 
 
Figure 1: (a) shows a string tied to a wall, an incident pulse comes from the right to the left and gets 
reflected back, and the reflected pulse is inverted by the reflection.  Figure (b) shows the string 
tied to a ring, which can move up and down without friction, and the reflected pulse is uninverted.  
 
The reason why the reflecting patterns are different in the above figures could be explained as 
following.  For the first one when the pulse arrives at the wall, it gives an upward force on the wall, 
because of Newton’s third law, the wall exerts an opposite force of equal magnitude on the string, 
and at the same time, the force generates a pulse at the wall, which travels back toward the string in 
the opposite direction.  As for the next case, when the incident pulse arrives, the ring moves up, at 
the same time, it pulls on the string and stretches it, which produces a reflected pulse with the same 
sign and amplitude as the original pulse. 
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As for sound wave spread from slower media to faster media, for example, from air to aluminum 
which is the case in our experiment, the reflection is uninverted, that is to say, the reflected wave is 
not upside-down.   
 
 
Figure 2: wave transmission and reflection [Crowell 2002] 
The above one  shows a wave starts spread from left to right, and gets partly reflected and partly 
transmitted at the connecting point Fig. 1 shows uninverted reflection, a front to back reflection; the 
below one shows inverted reflection, a upside-down reflection. 
 
5.2.2 Intensity of reflection 
 
At the same time of reflection, there is also part of the wave that is transmitted.  Given the speed 
that wave travels in the two medias, v1 and v2, the proportion of the reflected wave (R)  and 
transmitted wave (T) can be calculated as: 
 
R = (v2 - v1) / (v2 + v1)   and    T = 2v1 / (v2 + v1)         [Crowell 2006] 
 
Taking the example from air to aluminum, at standard condition, the speeds of sound in air and 
aluminum are 343m/s and 4877m/s respectively. [The Engineering ToolBox 2005]  Therefore, 87% 
of the acoustic wave would be reflected at the boundary between air and aluminum, and 13% would 
be transmitted.   
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5.2.3 Superposition and interference of waves 
 
Principle of superposition for waves: suppose there are two waves traveling along the same line. Let 
y1(x,t) and y2(x,t) be the displacement that the media experience if each wave travels 
independently.  The displacement of the string where both waves overlap is then the algebraic sum 
y’(x,t) = y1(x,t) + y2(x,t) 
 
5.2.4 Standing waves in one-end closed tube 
 
It is interesting to see that waves in different phases are added up.  As two special caese, when two 
or more waves travel in the same space, the net amplitude is the sum of each individual wave’s 
amplitude; if two waves travel in 180 degree out of phase, the combination of these two waves is a 
straight line.  
 
In another way, when two identical waves travel oppositely along the same line, they can form a 
special pattern - “a single-frequency mode of vibration of a body or physical system in which the 
amplitude varies from place to place, is constantly zero at fixed points, and has maxima at other 
points. ”[Webster’s dictionary], and the wave pattern do not move right or left. 
 
The figure below, two sinusoidal waves with the same wavelength and amplitude are traveling in 
the different direction (a) is traveling to the left and (b) is traveling to the right, (c) is the 
combination of (a) and (b), which is called standing wave.  The four points on (c) are called nodes, 
where the string never moves. The points where the amplitude of the standing wave has its 
maximum are called antinodes, which occur midway between the adjacent nodes. 
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Figure 3: Superposition of two waves to form standing wave [Jearl Walker 2008] 
 
The equations to describe the two waves can be found the same as in reflection: 
y1 = y0 sin(kx -  ωt) 
y2 = y0 sin(kx + ωt) 
 
The combined wave (c): 
y = y0 sin (kx - ωt) + y0 sin (kx + ωt) 
 
The final result of equation for standing wave (c): 
y = 2 y0cos(ωt) sin(kx) 
 
5.2.5 Resonance and resonance frequency 
 
Resonance takes place when a system oscillates with maximum amplitude at a group of specific 
frequencies. Those frequencies are called resonance frequencies.  For the one-end closed tube 
introduced in 5.2.4, if at the open end there is a displacement antinode while adjusting the input of 
acoustic wave, the acoustic wave is felt loudest. Referring to Figure 3, the places where there could 
be maximum displacement are at 1/4λ, 3/4λ, 5/4λ... In general, the following formula gives the 
resonance frequencies for a one-end closed tube: 
 
f = n*v/(4*L)     for n= 1, 3, 5,… 
 
Where f is the frequency, n is harmonics number, v is the speed of sound in media, L is the length of 
the tube. [Sanny Jeff &Moebs William 1996]  Experimentally if the sound output from the open 
end is greatest (which could be observed through a oscilloscope), the according frequency is a 
resonance frequency. 
 
5.3 Thermoacoustic heat pump 
 
Thermoacoustics starts with the fundamental equations introduced above.  However, when we 
start to understand what causes the temperature difference, the theory becomes difficult to 
understand.  Therefore, we will start this part from qualitative understanding, some obvious 
description, and then go to quantitative analysis. 
  
5.3.1 Qualitative description
 
Air is a kind of fluid consisting of large amounts of gas molecules.  The transmission of sound is 
through air oscillation movement, causing local condensation and rarefaction.  Thinking abo
second law of thermodynamics, when a parcel of air become condensed, the surrounding air does 
work on that parcel, so the temperature will go up.  Accordingly, when a parcel becomes rare, the 
temperature will drop down. [Cutnell& Johnson 1998]
 
If there is only temperature and velocity oscillation, our subject oscillates within the neighborhood 
around the original position and doesn’t move around after one cycle.  When the air undergoes 
compression, the temperature of it goes up by 2 units, and the a
nearby by 1 unit.  However, during the next half phase, the air undergoes expansion and the 
temperature drop down by 2 units and absorbs heat from nearby place by 1 unit. [Herman & Chen 
2006] Above all the temperature d
 
Back to the ideal case that is closer to real situation than the description above, in the one end 
closed tube, there are pressure, temperature, density and velocity oscillations accompanying the 
acoustic wave.  If at the moment of gas condensation heat is supplied, and at the moment of 
rarefaction heat is taken away from the gas, then the acoustic wave will be attenuated. [Huelsz& 
Ramos 1999] Lord Rayleigh even gives numerical state a century ago, saying that if 
value of the phase between the pressure oscillation and heat flux oscillation is less than 
sound is enhanced; otherwise, the sound is attenuated. 
 
5.3.2 Thermal penetration depth
 
Thermal penetration depth is used to measure the dist
media[Xiaojun Terry Yan. June 2002]. It can be expressed as 
 
δκ= ,  
 
Where k is the thermal conductivity of the gas, 
is the gas density and cp is the constan
December 2004].  It is an important quantity to measure the distance 
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ir turns out to heat up the material 
oesn’t change in that imaginary situation. 
 
 
ance of heat conduction spreading through a 
 
ω is the angular frequency of acoustic oscillation, 
t pressure specific heat of the gas [Nathan T. Weiland 
between the stack 
ut the 
the absolute 
π/2, the 
ρ 
plates, 
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which are the central part of a heat pump.  With a frequency of 400 Hz in room condition, δκ is 
1mm [Tijani 2002]. 
 
5.3.3 Oscillatory temperature 
 
As for quantitative description, among the attempts seeking for the theory of thermoacoustics, 
Swift’s article in 1988 is widely accepted as a linear approach for that problem.  However, his 
description could not explain the whole process, as there are also some nonlinear features within the 
phenomena. [Ghazali 2004]  The following explanation for the heat pump theory is based on 
Swift’s paper in 1988. 
 
Recall in the introduction part that Hofler inserts a filter (stack) inside the one-end closed tube to 
greatly enhance the thermoacoustic heat pump effect.  The stack is the central part for generating 
the temperature difference.  Without it, there would only be adiabatic temperature oscillations; the 
insertions of the stack provide large surface for the interaction between solid and fluid so the fluid’s 
adiabatic temperature oscillation is broke down.  In Swift’s calculation, a small piece from the 
stack wall is considered in the beginning for simplification, and that small piece is called “single 
plate”.  
 
 Figure 4:  Geometry of the single plate. The acoustic wave travels along x direction. y
section plane of the stack.  The single plate has a length 
[Swift 1988] 
 
In accordance with the qualitative descri
difference between oscillation temperature T
equations for calculating pressure oscillation p
to calculate the oscillating fluid temperature T
 
T1 = [ (Tm*β)/(ρm*Cp)*P1s− (▽T
   [Swift 1988] 
 
where T
m
 is the mean temperature depending on x, 
ρ
m
 is the mean density of the fluid, C
acoustic standing wave pressure depending on x, 
18 
∆x, width Π/2, and negligible thickness. 
ption, the temperature gradient is caused by the phase 
1 and oscillating pressure p1.  Integrating some sub
1 and velocity oscillation u1, Swift gives the equation 
1 along y axis: 
m/ω)*u1s ] * (1 – e –(1+i)y/δk)        (Equation 4)
β is the ordinary thermal expansion coefficient, 
p is the constant-pressure heat capacity per unit mass, p
▽T
m
 is mean-temperature gradient in the x 
 
-z plane is a 
-
 
1
s
 is 
 direction, ω is the angular frequency of the wave, u
penetration depth of the fluid. 
 
Taking the y-dependent part from equation 4 about T
are plotted in the following coordinate.  The imaginary part goes to 1 when y
zero when y<<δk. Interestingly, that means at one therma
the thermoacoustic effect is the strongest.
Fugure 5: Computed real and imaginary part of the y
[Swift 1988] 
 
5.3.4 Heat flux 
 
Because the fluid has a phase shift in th
plate, it causes the time-averaged heat flux along the x direction.
 
The total heat flux across the single plate in the x direction is given by:
 
Q2 = -1/4 Π δk Tm β p1s u1s (Γ - 1)           [Swift 1988]
 
where Π is the perimeter of the plate in the y
T
m
 is the mean temperature depending on x, 
19 
1
s
 is x component of velocity, and 
1, (1 – e –(1+i)y/δk), its real and imaginary part 
l penetration depth away from the plate, 
 
-dependent part of oscillating temperature T
e oscillating temperature T1 at about δ
 
 
 
-z plane, δk is thermal penetration depth of the fluid, 
β is the ordinary thermal expansion coefficient, p
δk is thermal 
>>δk, and approaches 
 
1 
k away from the stack 
1
s
 is 
 acoustic standing wave pressure depending on x, u
of the actual temperature gradient to critical temperature gradient.  Since what we discuss here is 
heat pump, Γ is less than 1, because if the actual temperature gradient exceeds critical temperature 
gradient sound wave could be 
below clearly shows the heat flux along the single plate, and it seems that the plate can “breath” 
comfortably at one thermal penetration away from the plate.  Further research identifies that 
optimum space between stack plates is three times the thermal penetration depth.[Tijani 2002]  
 
 
Figure 6: The arrows show the direction and magnitudeof 
At about δkaway from the surface of the plate, q
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1
s
 is x component of velocity, and 
generated by the temperature difference. [Fahey 2006]  Figure 
the heat flux density q
2is largest. 
Γ is the ratio 
the 
 
 
2along the x axis. 
 21 
6. Experiment 
 
6.1 Experiment design 
 
The experiment we built is based on a demonstration design [Russell 2002].  It consists of a signal 
generator and power amplifier (they are integrated into one equipment in our experiment, not shown 
in Figure 8 but is in Figure 9 is the yellow box), 40W speaker, resonator tube, stack, aluminum plug 
and two digital thermo-meters.  A drawing of the apparatus is shown below.  
 
 
Figure 7: The whole drawing of thermoacoustic heat pump 
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Figure 8: Photo of the experiment set-up 
 
The signal generator and power amplifier sends out acoustic oscillations with a constant frequency 
and power to the loud speaker.  That whole acoustic generation part is under a cover sheet made of 
resin, and above the sheet there is a resonator tube, which is a 23.5 cm long acrylic tube with an 
inner diameter of 25 mm. At the end of the tube, there is a 2 cm length aluminum plug. Inside the 
upper part of the tube, there is a stack, which is the most important part of the whole refrigeration 
apparatus, being placed 4 cm away from the bottom of the aluminum plug.  Two digital thermo 
meters go through the plug and stay right above and below the stack.  In addition, as the thermo 
probes are connected with very thin wire, silicone gel is sticked around the wire for protecting them 
from wreckage by vibration.  
  
  
 
The stack is made of 35 mm wide photographic film and diameter 0.368 mm fishing line.  The 
fishing line is glued onto the film parallel at every 5 mm, and the film is rolled up after it is
with fishing line along it (see Figure 10 below).
 
  
5mm 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Drawings of the stack. 
The first one show the film with glued fishing line before rolling up, and the second one 
sectional drawing of the stack after the film is rolled up.
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 glued 
show the 
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Figure 10: Photo shows the stack inside the tube. See also two thermo-probes above and below the 
stack. 
 
After the device is built up for the experiment, it is expected to work like this.  At t=0 min, the 
signal generator, amplifier and loudspeaker are turned on.  At the same time, the two thermo-
meters show room temperature.  Gradually there should be a temperature difference shown on the 
two meters, and the above one should show higher number than the other as time passes by.  
 
6.2 Over-all principles 
 
 As it is important to note how the temperatures change as time passes by, for every group of 
the experiment data, we first decide on a set of frequency and power, and then record the 
numbers on both thermometers every 5 seconds.  That lasts for 240 seconds from the start 
moment.
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 As a heat pump is used to extract heat from cold reservoir to hot reservoir, we also care 
about when the cold region reaches the lowest temperature for a fixed frequency and power.  
At that moment, the low temperature, high temperature, and the time are recorded.
 
 
 After the whole apparatus is set up, our first job is to find the resonance frequency.  
Remember the theory been introduced in 5.2.5, in order to have a resonance frequency, we 
use the formula  
 
 f = n*v/(4*L)     for n= 1, 3, 5,… 
 
 Plugging into n=1, L=235 mm, and v is 343m/s, and the result is f=365 Hz, which is the 
 first resonance frequency.   
 
 However, as the tube is extended by the presence of the loudspeaker, and the width of the 
 tube also contribute to the adjustment of resonance frequency. [Physics and Astronomy, 
 Georgia State University, 2005]  We listen to the frequency around 365Hz, at a fixed       
power. At 280 Hz the sound makes the tube vibrate wildly, so 280 Hz should be the smallest 
 resonance frequency.  
 
 
 More precisely, an adjusted equation for the resonance frequency of a one-end closed tube is      
 
 L + 0.4*d = n*λ/4,   n = 1, 3, 5, 7… 
 (Clemson University 2006) 
 
 Where L is the tube length, d is the inner diameter of the tube, λ is the wave length.   
 
 In addition, inserting the stack could add some minor resonance frequencies around 280 Hz,  
as the stack is placed 4cm away from the closed end and it has a length of 3.5 cm, we expect 
that there might be some variations at frequencies a little higher than 280 Hz in the       
experiment later. 
 
 The Pt 100 to Celsius conversion
 
 
Pt (platinum thermometer) is used in our experiment.  Pt-100 means, when temperature is 0 
Celsius, the Pt-100 is 100 Ohm. This section shows how we convert Pt-100 to Celsius, and 
the theory is based on Dusen.van ,1999.  Depending on different temperature range, People 
 normally choose the suited converting equa
the blue line shows the over all
black and red one are approximation straight lines at certain range. 
 
For example, the slope for approximation straight line can be calculated as:
Linear parameter =(R100-
R100 is the resistance at 100
Then, we have y=100+0.385*x, this is the rough approximation which is used commonly, 
ranging from 0oC to 100oC. 
 
Figure 11: Differences between the act
approximation models in red and black.
 
From figure 11, we can easily see that both straight lines almost overlap each other, with 
very little deviation. 
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tions at different situations. 
 correspondence between Pt value and Celsius value; the 
 
R0)/(100*R0)= 0.385, which is the red line in the figure 11, where 
oC, R0 is the resistance at 0oC,  
 
ual resistance value in blue and two linear 
 
 In Figure below, 
 
 
  
Figure 12: Different approximations showing the relati
Celsius value, the red line corresponding with range 0
range of 10oC to 40oC. 
 
We choose equation y=100+0.3892*x to convert Pt
enough for our situation, from 10
y=100+0.385*x is good for temperature between 0
equations to calculate the temperature with the actual temperature 
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onship between resistance val
℃ to 100℃ and
-100 to Celsius, because it is good 
oC to 40oC, while the common linear function 
oC and 100oC.  Comparison both 
are shown in table 3.
 
ue and 
 the black one with 
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Table 3 Comparing the two equations y=100+0.385*x and y=100+0.3892*x for calculating 
temperature with the actual temperature, and from the table we can see that 
y=100+0.3892*x is a better approximation. 
 
 
 
 6.3 Experiment procedure
 
1) The purpose of this first example is to give an idea about how both temperatures c
time, as a special case, here we want to show the time long enough, so we record at every 10 
seconds, and we pick the frequency 350 Hz at power 10.  The following graph shows the high 
temperature and low temperature with respect to time. (Detail
 
Figure 13. At 350 Hz Power 10, the temperatures at hot region (red dots) and cold region (blue dots) 
are recorded at every 10 seconds. 
 
In Figure 13 we can see that over 10 degrees temperature difference is achieve
temperature difference does not change much after 100s, but both high and low temperatures slowly 
increase.  Unfortunately, the curve above is hard to describe in mathematical way with the 
knowledge we have at present, even though for e
similarly.  So in the following procedures, we mainly compare the temperature differences 
between the hot region and cold region, the temperature drop in the cold region, and temperature 
rise in the hot region with respect to frequency and power.
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ed data to this graph is in appendix)
 
very set of frequency and power the curves appear 
hange with 
 
 
d after 50s and the 
 2) Here we want to examine how temperature differences change with frequencies.
 
2a) Away from 280 Hz, evenly distributed frequencies from 160 Hz to 650 Hz are considered, with 
10 Hz intervals among them, and the po
difference at the moment when the cold region gets lowest temperature) with respect to frequency is 
as following. (Detailed data to this graph is in appendix)
 
 
Figure 14. The figure shows the temper
the moment when the cold region gets lowest temperature with respect to frequency, at constant 
Power 4.   
 
Generally, around 280 Hz, the temperature difference is largest, and tends to decrease w
frequency goes away from 280 Hz.  The more the frequencies change from 280 Hz, the less 
temperature difference that the heat pump could achieve.
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wer is always set at 4.  The change of 
 
ature difference between hot reservoir and cold reservoir at 
 
 
∆T (temperature 
 
hen the 
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2b) The temperature difference at 240 s with respect to frequency is also plotted in the same way as 
above, at power 4, frequency 160 Hz, 170 Hz,.., 650 Hz.  (Detailed data to this graph is in 
appendix) 
 
  
 
Figure 15. The figure shows the temperature difference between hot reservoir and cold reservoir at 
240s with respect to frequency, at constant Power 4.   
 
Generally, around 280 Hz, the temperature difference is largest, and tends to decrease when the 
frequency goes away from 280 Hz.  The more the frequencies change from 280 Hz, the less 
temperature difference that the heat pump could achieve. 
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 2c). Multiply the smallest resonance frequency 280 Hz by 1, 2, 3, we plot the temperature 
difference at 240 s, with respect to 280 Hz, 560 Hz and 840 Hz, at constant power 4.
 
 
Figure 16. The figure shows the temperature difference between hot reservoir and cold
240s with respect to frequency 280 Hz, 560 Hz and 840 Hz, at constant Power 4.  
 
It is very clear that the temperature differences drop dramatically when the frequencies are at 560 
Hz, 840 Hz.  
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 reservoir at 
 
 3) In this group we want to see the relations
 
3a) In order to get a wide range of power into consideration, we fix the frequency at 350 Hz, and 
vary the power at 1, 2, ... , 10.  The following graph shows the change of 
difference at the moment when the cold region gets lowest temperature) with respect to power. 
(Detailed data to this graph is in appendix)
 
 
Figure 17. The figure shows at 350 Hz, the temperature difference between hot reservoir and cold 
reservoir at the moment when the co
change from 1 to 10. 
 
From the figure above we can see that the performance of heat pump depends a lot on the amplitude 
of applied acoustic wave.  It also seems that the temperature difference tends 
if we increase the power.  
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hip between temperature differences and power.
 
ld region gets lowest temperature, with respect to power 
 
∆T (temperature 
 
to be a certain value 
 3b) The temperature difference at 240 s with respect to power is also plotted in the same way as 
above, at 350 Hz, power 1,2, ... , 10. (Detailed data to this graph is in appendix)
 
 
Figure 18. The figure shows that at 350 Hz, the temperature difference between hot reservoir and 
cold reservoir at 240 s, with respect to power change from 1 to 10.
 
From the figure above we get the same description as in 4a).
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 4) During the experiment, we find that it is al
region to achieve the lowest temperature with respect to frequency and power.
 
4a) There is a slight link between frequency and the time needed for the cold region to reach the 
coldest temperature.   
 
 
Figure 19: The figure shows that the time needed for the cold region to reach the coldest 
temperature, is plotted with respect to frequency from 160 Hz to 650 Hz, at constant power 4.
 
From the figure above we can see that at power 4 normally the time needed
temperature is within 3 to 6 minutes.  Because the surrounding of our experiment is hard to control, 
the error of the recorded time might be quite big and we prefer to make 
regions.  From 250 Hz to 300 Hz, we c
longest.  From 480 Hz to 650 Hz we can see that the high frequency is applied, the less time is 
needed (but the temperature difference is less).  
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so worthwhile to see the time needed for the cold 
 
judgment
an see that at resonance frequency the time needed is 
 
 
 
 
to achieve the coldest 
 within small 
 4b) The link between power and the time needed for the
temperature is more clear than what we see in 5).
 
 
Figure 20: The figure shows that the time needed for the cold region to reach the coldest 
temperature, is plotted with respect to power from 1 to 10, at constant freque
 
From the figure above we can clearly see the larger the power applied, the less time is needed to 
achieve the lowest temperature.  Exception is at power 1 the supposed cold region does not drop 
temperature at all, so we can also imagine to mov
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 cold region to reach the coldest 
 
ncy 350 Hz.
e the first blue dot in Figure 21 to infinite time. 
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7. Model 
 
Based on the data we get from our own experiment.  We find how the temperature differences 
change with frequency, power, and how the time needed to achieve the lowest temperature change 
with frequency and power. 
 
1) Consider the relationship between frequencies and temperature difference. 
 
 
 
Figure 21: The figure shows the temperature difference between hot reservoir and cold reservoir at 
240s with respect to frequencies from 160 Hz to 840 Hz, at constant Power 4.  
 
From Figure above, we get that around the first resonance frequency 280 Hz, the temperature 
difference is largest, and decrease gradually when the frequency goes away from 280 Hz.  The 
more frequencies change from 280 Hz, the less temperature difference the heat pump could achieve.  
Even though 840 is the next nearest resonance frequency for the tube, there is no obvious 
temperature difference. 
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2) Consider the relationship between power and temperature difference. 
 
Recall Figure 17, 18 in section 6.3.  It is clearly indicated that the temperature difference depends 
on power.  From power 1 to power 6, the temperature difference and power is almost a straight 
line.  After power 6 the temperature difference does not change much if the power is increased.  
It might because the backflow of heat compensate the work of heat pump.  Also we use 
oscillograph to show the wave generated by the amplifier.  The wave is not strictly a sinuous shape, 
but looks like a wave with a large amplitude been cut at the top to make it has the same “height” as 
that of power 6.  Thus there is the limitation from our own equipment so that it is not enough to 
get a conclusion after power 6.
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3) Consider the relationship between time and frequency. 
 
Recall Figure 19 in section 6.3.  It is shown that nearby the resonance frequencies the time needed 
is longest.  For high frequencies the time is short. 
 
 
 
Figure 22: The figure shows that the time needed for the cold region to reach the coldest 
temperature, is plotted with respect to power from 2 to 10, at constant frequency 350 Hz. 
 
Take away the point for power 1, it is indicated in Figure 22 that the higher the power is the less 
time is needed to get lowerst temperature.  As when we use power 1, the cold region which is 
supposed to drop temperature increase temperature from t = 0s, we has to choose t = 0s as the 
lowest temperature, while we can also assume that t →∞ is when the lowest temperature is achieved.
0
100
200
300
400
500
600
2 4 6 8 10
T
im
e
 (
se
c
)
Power
350Hz, Time when cold region gets 
lowest T
time
 40 
Summary  
 
Summing up the experiment measurements that we have done, the temperature differences between 
the hot region and cold region at the moment when the cold region get the lowest temperature is 
measured with frequency and power separately; the temperature differences between the hot region 
and cold region at 240 s is also measured with frequency and power.  Near the smallest resonance 
frequency the temperature gradients are highest, when the power is fixed; at certain frequency, the 
temperature gradients increase with power but tend to be unchanged when the power exceeds a 
certain level.   
 
8. Discussion 
 
Limitations in the report: 
 
The thermoacoustic heat pump we build is based on a demonstration design [Russell 2002].  Thus 
it is a good and clear experiment but perhaps not the best approach to ideal experiment conditions. 
 
Firstly, the surroundings contribute to unwanted temperature change inside the stack.  The room 
where the measurements are done has many windows, the initial temperatures inside the stack 
change with the temperature outside the room.  For example, if we start the experiment from the 
morning to the afternoon, the initial temperatures is lowest at first, keep rising until about 2 o’clock 
in the afternoon.  People going through the room and the persons beside the tube can affect the 
temperature inside the tube by their body temperature, their breath and their movement.   
 
Secondly, the whole apparatus is not made state of the art.  Ghazali 2004 has made several 
suggestions to improve the capacity of thermoacoustic heat pump: a) the stack wall should have big 
heat capacity and low thermal conductivity. b) The stack should not change the acoustic wave. c) 
The fluid should be bad at conducting heat.   
 
Thirdly, there are also inevitable errors made by experiment operators.  The lowest temperature is 
hard to define.  As for the environment around our experiment, many contingencies influence the 
temperatures inside the tube, and the thermal couples could show changes as small as 10
-3
, it is hard 
to define when exactly the lowest temperature is reached. 
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In theory analysis, there has not been any comprehensive description to explain thermoacoustic 
effects.  Although Swift in 1988 has made some reasonable quantitative analysis, he has made a 
lot of assumptions before calculation. In reality, there are so many variations can affect the 
performance of our heat pump. Once, we separated the tube from the box where the loudspeaker is 
inside to fix the thermal probe.  Before that, we have measured that the smallest resonance is 290 
Hz, after the tube is fixed back, the smallest resonance is changed as 280 Hz, 280 Hz and 290 Hz 
are the resonance frequency we measured by ears, but from the data we have, 310 Hz should be the 
smallest resonance frequency, which gives the best temperature difference. 
 
What do we find from the experiment? 
 
First of all, even though we can not explain some of the data better, we have proved that, it is 
possible to create a temperatue difference by sound waves. Secondly, we separated the experiment 
into several parts: investating the spectrum of frequency, the spectrum of power, and the 
thermoacoutic effect with time. The data of the experiment are as good as we expect, only few data 
seems not reasonable.  
 
The spectrum of frequency: in Figure 14, 15, the largest temperature differences show up at 310 Hz, 
and the rest are decreasing slightly. Based on the theory of standing wave, odd harmonic numbers 
give resonance frequencies. In the beginning we use n=1. It is not only the first, but also it does 
have the best effect, which is based on experiment results. When n=3 is taken into consideration, 
840 Hz, theoretically the next resonance frequency exists, and hypothetically, another peak will 
appear in the figure, but that experiment has not been done yet.  
 
The spectrum of power: in Figure 17, 18, outcomes are not in doubt. The larger the power of sound, 
the larger the temperature difference we have. We have also found out why the temperature 
differences go to a constant from power 7 to power 10, and that is because there are some 
limitations of the apparatus (the amplifier, and the loudspeaker).  
 
Thermoacoustic effect with time: investating the thermoacoustic effect with time of apparatus is the 
most tricky business, because, we have mentioned that many complications might affect the results, 
especially the time when the temperature gets the lowest.  
 
Can we make it better? 
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By comparing the recent researches, their achievement in thermoacoustics is more professional and 
advanced, and they have almost finished the project about thermoacoustic refrigerator. Therefore, 
this field is really terrific, and it is ready to be another renewable energy with potential. 
 
However, our apparatus seems simpler, but we still have not tried anything to change our apparatus, 
so based on our apparatus, some parts we can still improve: 
 
Stack: This is the key of thermoacoustics, which divides two temperature regions. We have never 
tried to do anything with the stack, such as the position of the stack in the resonance tube, the 
interval of the fishing lines, the material of the stack. 
 
More adiabatic resonance tube: the results are affected by the surrounding environment easily, 
which has been metioned a lot in the limitaiton of our experiment. Also a stable temperature 
environment for our experiment is necessary. 
 
The better loudspeaker and amplifier: because of the limitation of the loudspeaker and amplifier, 
the thermoacoustic effect does not change so much from power 7 to 10. We might find better results 
if we have better amplifier and loudspeaker. 
 
How can we harvest noise from environment?   
 
We have conclude the noise is possible to be used, how to use it? And how can we gather it? 
Actually, we have no idea to gather most of the noise, we can see that only a little noise is 
converted into heat energy, the noise is still loud and people can not stay for long.  
 
Based on our experiment and the results we have invesgated so far. When we analyze the noise 
resources initially, the frequency and the intensity of the sound should be considered as two 
important factors. For instance, the frequency of the noise resources is bewteen 200-400Hz, and the 
power of it is on some level people cannot stand. Then our apparatus should be a good choice to 
gather the noise, and reuse the heat energy, meanwhile the cold temperature can be used in 
refrigerator.  
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9. Conclusion 
 
According to the experiment data presented on the performance of our apparatus, we can conclude 
that noise can be used as renewable energy when it is applied through thermoacoustic heat pump.  
In order to harvest noise with a specific spectrum of frequencies from a certain resource, we need to 
calculate the suitable length for the resonance tube. 
 
Theoretically, the stack, the characters of sound waves and one-end closed tube are considered as 
the factors that affect the performance of thermoacoustic heat pump. To do so, novel materials and 
new techniques that are suited for ideal conditions are needed to be developed. 
 
The influence of frequency and power of sound waves is highlighted in our experiment.  The best 
performance of thermoacoustic heat pump is made at the tube’s first resonance frequency, with a 
corresponding length of a quarter of a one-end closed tube. The power of the sound greatly 
influences the thermoacoustic heat pump.  Raising the power not only increase the temperature 
difference, but also reduce the time needed to achieve the lowest temperature in the cold region.  
 
Although the thermoacoustic effect of our apparatus is not good enough to be applied for practical 
uses at present, but there is no air pollution to the environment and it can reduce the noise pollution, 
we see there is a bright future with thermoacoustic heat pump. 
 
 
10. Prospectives 
 
Source of noise and its impact 
 
This section is based on Guidelines for community noise from World Health Organization, 1999. 
In the urban environment, noisy pollution has become a public hazard, because it can cause some 
disease for human. World Health Organization makes a survey in the whole world, it has proved 
that noise pollution has become more serious threaten to affect human health and the quality of 
lives. 
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Firstly, Noise can be described as all-pervasive in the city region. In recent years the rapid increase 
of urban motor vehicles has become the main source of noise, such as motor vehicles, aircrafts, 
trains and other modes of transportation. The interference range is increased day by day, as these 
vehicles are used by us every day and these noisy producers move in our living area. 
 
Secondly; According to the research, the noise from construction field can produce noise about 90 
decibels in general; the highest can be 130 decibels with 1000 Hz-2000 Hz. Because of the intensity 
and duration of noise is more intolerable, the noise pollution from construction field is relatively 
“static”.  
 
Thirdly, compared with the noise from traffic and construction field, noise from indoor are always 
ignored. In a family, TV, fan, computer, and washing machine can produce noise up to 50-70 
decibels with the respective frequency of 630 Hz, refrigerator is about 34-45decibels and the 
frequency is about 520 Hz. The research from World Health Organization showed that when the 
noise pollution is over 30 decibels in indoor, the person will be subjected to interference with 
normal sleep, and if a person continues to live in environment more than 70 decibels, his or her 
hearing and health will be affected. 
 
The risk effect of noise on human health is manifold. Well-known negative effect is that can cause 
ear discomfort, such as tinnitus, earache and hearing loss. Particularly, if people live in the noise 
environment more than 80 decibels, up to 50% people probably have the illness of deafness. In 
addition, noise can damage the cardiovascular, nervous system. Living in long-term noisy 
environment, the incidence of myocardial infarction would increase fast, especially for the patients 
of coronary artery disease. Noise can also lead to women’s physiological function disorders, and 
increase the ectroma rate. The psychological effects of noise and more noise impact are reflected in 
people’s rest, sleep and work, and people would feel irritable and dispirited. To sum up, if we use 
noise as renewable energy to apply in heat pump, it will reduce the noise pollution and air pollution.  
 
Applications of thermoacoustic effect 
 
From our experiment, we have approved that thermoacoustic heat pump can generate cold region 
and hot region, but what should these cold and hot regions be utilized in our real life? A panel of 
national academy of engineering has announced the results of the greatest engineering 
achievements of the 20th century; there are some successful heat engines on that list. They are the 
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automobile, the refrigerator and air-condition; this kind of machine can also be used to generate 
electricity.[Steven Garrett, Scott Backhaus 2000] 
 
In the experiment part of this report, we already introduced our apparatus. The cold region and hot 
region are placed above the stack and under the stack. If both regions are accompanied with 
efficient heat exchangers inside, heat can be extracted or supplied into the two reservoirs. Then the 
high temperature and low temperatures achieved by the heat pump can be used. The cold region can 
be applied in refrigerator, which eliminates the use of Freon and other damaging gases; there is no 
pollution to the environment compared with the old type refrigerator, which can cause ozone 
depleting; thermoacoustic engine has no greenhouse gas emissions and lower energy consumption. 
The utilization of thermoacoustic effect is also suitable for air-conditioning for houses, commercial 
buildings, vehicles and other cooling and heating applications. 
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11. Appendix 
 
 
power 10 
frequency(Hz) 350 
zone hot(℃) cool(℃)  hot(℃) cool(℃) 
time(sec)  240 32.95478 19.36536 
0 24.2703 24.26259 250 33.04214 19.39106 
10 26.79599 21.58016 260 33.10894 19.42446 
20 28.2888 20.03597 270 33.19116 19.46043 
30 29.09301 19.26002 280 33.25797 19.48613 
40 29.60175 18.87205 290 33.34789 19.50411 
50 30.01028 18.68448 300 33.40956 19.55807 
60 30.32117 18.65879 310 33.49178 19.57862 
70 30.58068 18.65879 320 33.56629 19.5889 
80 30.78623 18.66393 330 33.62539 19.68397 
90 30.98921 18.72816 340 33.67163 19.71737 
100 31.18962 18.81809 350 33.7333 19.74306 
110 31.36691 18.8592 360 33.77441 19.77646 
120 31.51593 18.87461 370 33.83864 19.79702 
130 31.67266 18.91316 380 33.88232 19.84841 
140 31.82425 18.98253 390 33.95427 19.85868 
150 31.96557 19.04162 400 34.00051 19.91264 
160 32.09404 19.06989 410 34.03905 19.94347 
170 32.23535 19.09815 420 34.08016 19.95375 
180 32.35098 19.16752 430 34.13412 20.03083 
190 32.45375 19.18808 440 34.15211 20.04368 
200 32.5668 19.28314 450 34.19579 20.04111 
210 32.66958 19.27287 460 34.2446 20.09764 
220 32.78263 19.29599 470 34.28314 20.13104 
230 32.8777 19.34995 480 34.29856 20.20041 
 
 
Table 1: The temperatures at hot region and cold region with respect to time every 10 seconds, 
when the experiment condition is at 350 Hz power 10. 
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ΔT with variable frequency when cold region 
get coldest 
Power 4 
Frequency(Hz) ΔT(℃) Frequency(Hz) ΔT(℃) 
160 2.438335 410 5.303186 
170 3.435252 420 5.619219 
180 3.638232 430 5.292909 
190 4.737924 440 5.313464 
200 5.644913 450 4.722508 
210 6.500514 460 4.34224 
220 7.237924 470 4.496403 
230 7.78777 480 5.017986 
240 8.697328 490 4.897225 
250 6.92446 500 4.473279 
260 7.764645 510 4.234327 
270 8.191161 520 3.255396 
280 10.29805 530 3.085817 
290 10.3443 540 2.332991 
300 10.41624 550 3.299075 
310 11.06115 560 3.101233 
320 8.774409 570 2.836588 
330 7.733813 580 2.605344 
340 7.096608 590 2.710689 
350 8.926002 600 2.286742 
360 8.926002 610 2.266187 
370 7.551387 620 2.245632 
380 3.422405 630 2.312436 
390 5.53443 640 2.086331 
400 2.081192 650 2.065776 
 
Table 2a):  ∆T (temperature difference at the moment when the cold region gets lowest 
temperature) with respect to frequency at 160 Hz, 170 Hz, 180 Hz, ... , 400 Hz.  Fix power at 4. 
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ΔT with variable frequency at 240s 
Power 4 
Frequency(Hz) ΔT(℃) Frequency(Hz) ΔT(℃) 
160 2.219938 410 4.912641 
170 3.170606 420 5.143885 
180 3.571429 430 4.989723 
190 4.370504 440 4.982014 
200 5.133607 450 4.748201 
210 5.871017 460 4.13926 
220 6.541624 470 4.18037 
230 7.240493 480 4.524666 
240 8.001028 490 4.707091 
250 7.412641 500 4.34481 
260 7.810894 510 4.524666 
270 7.798047 520 4.707091 
280 9.013361 530 4.34481 
290 9.892086 540 3.633094 
300 11.19476 550 3.173176 
310 11.66495 560 2.890545 
320 11.58016 570 2.625899 
330 10.75797 580 3.101233 
340 9.997431 590 2.995889 
350 9.249743 600 2.918808 
360 8.224563 610 2.795478 
370 7.399794 620 2.780062 
380 6.045735 630 2.45889 
390 5.565262 640 2.353546 
400 4.827852 650 2.33556 
 
 
Table 2b):  ∆T’ (the temperature difference at 240 s) with respect to frequency at 160 Hz, 170 Hz, 
180 Hz, ... , 400 Hz.  Fix power at 4. 
 
 
 
Frequency (Hz) ∆T (℃) 
280 9.280576 
560 2.790339 
840 0.418808 
 
 
Table 2c): ∆T’ (temperature differences at 240 s), at 280 Hz, 560 Hz, 840 Hz.  Fix power at 4. 
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Power  ΔT (℃) 
1 -0.01285 
2 3.707605 
3 6.608428 
4 9.54779 
5 10.07965 
6 11.074 
7 11.74203 
8 11.87307 
9 11.82939 
10 11.82682 
 
 
Table 3a): ∆T (temperature difference at the moment when the cold region gets lowest temperature) 
with respect to power 1, 2, 3, ... , 10.  Fix frequency at 350 Hz. 
 
Power ΔT(℃) 
1 0.107914 
2 3.224563 
3 3.764132 
4 9.046763 
5 10.95581 
6 12.79548 
7 13.45324 
8 13.65622 
9 13.53546 
10 13.59712 
 
 
Table 3b):  ∆T’ (temperature differences at 240 s) with respect to power 1, 2, 3, ... , 10.  Fix 
frequency at 350 Hz. 
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The time when the cold region gets lowest 
temperature 
Power 4 
Frequency(Hz) Time(sec) Frequency(Hz) Time(sec) 
160 378 410 319 
170 384 420 393 
180 440 430 374 
190 380 440 383 
200 420 450 225 
210 492 460 295 
220 450 470 335 
230 365 480 400 
240 400 490 365 
250 155 500 363 
260 230 510 339 
270 270 520 296 
280 480 530 322 
290 300 540 115 
300 145 550 315 
310 165 560 286 
320 210 570 205 
330 175 580 175 
340 180 590 215 
350 165 600 180 
360 437 610 195 
370 265 620 205 
380 215 630 240 
390 325 640 190 
400 175 650 200 
 
 
 
Table 4a): The time when the cold region gets lowest temperature with respect to frequency from 
160 Hz to 400 Hz.  Fix power at 4 
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350Hz, Time when cold region gets lowest T 
Power Time (sec) 
1 0 
2 570 
3 300 
4 313 
5 120 
6 70 
7 70 
8 65 
9 65 
10 65 
 
Table 4b): The time when the cold region gets lowest temperature with respect to power from 1 to 
10.  Fix frequency at 350 Hz. 
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